product. The reduction and incorporation of TcO 4 -was accomplished in a "one pot" reaction using both sunlight and UV irradiation, and monitored as a function of time using multinuclear NMR and radio TLC. The process was further probed by the "step-wise" generation of reduced α 2 -P 2 W 17 O 61 12-through bulk electrolysis followed by the addition of serving as models for metal oxides, POMs may also provide a suitable platform to study the molecular level dynamics and mechanisms of the reduction and incorporation of Tc into a material.
forward a new strategy for the reduction of TcO 4 - 1 It is very soluble, migrates easily through the environment and does not sorb well onto mineral surfaces, soils or sediments. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The long half-life of Tc (2.1 x 10 5 years) and the high environmental mobility of the pertechnetate anion create a particular concern when trying to develop waste remediation strategies.
One of the most commonly considered potential strategies for 99 Tc remediation is focused on pertechnetate reduction. The mobile pertechnetate ion can be removed from solution by reduction to insoluble, low-valent Tc IV species (such as 99 TcO 2 nH 2 O), which can then be physically adsorbed to a solid surface, or mixed within glass, cement or ceramic. It has been shown that physical mixing of TcO 2 with these materials ultimately results in oxidation of the Tc IV to Tc VII O 4 -.
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Bioimmobilization efforts have also been employed in the efforts to reduce and stabilize TcO 4 -in soil by natural organic matter. 8, 12 In these studies chemical reduction 7, 13 and microbial reduction 5, 14 led to the formation of TcO 2 2 O. However, the reduced 99 Tc IV in the form of the amorphous oxides also reoxidizes back to the mobile Tc VII O 4 -anion. 6 Taking a cue from radiopharmaceutical chemistry, that employs the tracer isotope of technetium, 99m Tc, may provide a new strategy for reduction of pertechnetate and covalent chemical incorporation of the reduced Tc into a material. In typical radiopharmaceutical "kits", 99m Tc, as pertechnetate, 99m TcO 4 -, is reduced by stannous ion in the presence of coordinating ligands, and the low valent 99m Tc covalently bonds to the ligands forming a 99m Tc coordination complex.
In fact, this approach has been presented in a preliminary communication describing the reduction of 99 TcO 4 -and incorporation into a stannous phosphate material. 15 A similar study employed amorphous
FeS for reduction of TcO 4 -and binding of the reduced Tc to the Fe-S material as probed by XANES, EXAFS, FT-IR, and energy dispersive X-ray spectroscopy (EDS). The TcO 4 --FeS reductive
immobilization reaction product was found to be predominantly TcO 2 . 4 Herein we move this approach forward taking advantage of the chemistry of the element. We identify a metal oxide system that can serve as both a reducing agent for the reduction of 99 TcO 4 -as well as a host that binds covalently to the reduced 99 Tc species. This new strategy employs a single material, a polyoxometalate (POM) both as the reducing agent and coordinating ligand. Moreover, we can identify the final reduced 99 Tc product on the molecular level and we can begin to understand the mechanism of the process.
Polyoxometalates are polyanionic aggregates of early transition metals (Mo VI and W VI ) and are strong, tunable electron donors to substrates. [16] [17] [18] [19] [20] [21] [22] POMs undergo stepwise, multi-electron redox reactions while maintaining their structural integrity. They can be reversibly reduced through a variety of methods including photochemical reduction [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , reduction by γ radiolysis 33 in the presence of a sacrificial organic electron donor, electrochemical reduction and chemical reduction using appropriate reducing agents. 34 .
Due to their multi-electron redox properties, reduced POMs, especially Keggin ions, have been used for the reduction of metal ions such as Ag + , Pd 2+ , Au III , Pt IV , Cu 2+ in aqueous systems to lower oxidation states or to their metallic state. [17] [18] [19] [20] 25, 26, [35] [36] [37] The tunable redox nature and facile electron transfer properties of POMs render them suitable materials for the synthesis of colloidal metal nanoparticles that are stabilized by the re-oxidized POMs. 19, [37] [38] [39] While most of the published POM photocatalysis studies employ the "plenary" or parent polyoxometalates (Lindqvist, Keggin, Wells-Dawson), this study focuses on using the "lacunary" or 46 were synthesized using literature procedures. All UV-Vis data were collected on a Varian Cary 50 UV-Visible Spectrophotometer at 300 K.
Collection of NMR Data. NMR data were collected on a JEOL GX-400 spectrometer with 5 mm tubes fitted with Teflon inserts that were purchased from Wilmad Glass. The resonance frequency for 31 Preparation, including fine polishing of the glassy-carbon working electrode was adapted from the procedure of Keita and co-workers. 47 Unless indicated otherwise, scan rates were 10 mVs -1 , and all experiments were carried out at ambient temperature under an atmosphere of Ar. Electrochemical reduction was achieved using Bulk Electrolysis in a BASi Bulk Electrolysis cell. The working electrode was a reticulated vitreous carbon cage (BASi MF-2077), the auxiliary electrode was a platinum wire separated from the bulk electrolyte solution via a fritted compartment and the reference electrode was Ag/AgCl (BASi MF-2052).
Radio Thin Layer Chromatography (Radio TLC). Radio TLC was performed on a radio TLC Imaging Scanner Bioscan Ar-2000. Quantitation of peaks is automatically performed, providing the percent of total activity for each peak. Chromatography paper (Whatman, 3MM CHR) was cut into 1 cm x 10 cm strips. 3 µL of sample was spotted onto each TLC strip and developed in a 0.9 % saline solvent system. 48 To test a 1:1 α2 : TcO 4 -stoichiometry, the α2 (57.9 mg, 11.6 µmol) was dissolved in 2.5 mL of reduction solution (with and without electrolyte) and mixed thoroughly. This resulted in a 4 mM POM solution. The solution was processed as described above and irradiated. After the irradiation, the colorless solutions changed to a light green/red after 19 hrs and a more intense red after 24 hrs. For the 19 hrs irradiation, 31 P NMR was taken immediately after irradiation was ceased and at timed intervals after irradiation was ceased. KCl (500 µL of a saturated solution) was added to the reaction solution directly through the septum via a syringe and the sample placed in the refrigerator overnight. The crystalline solid that formed (57 mg) was isolated by filtration. The solid was consequentially used for EPR studies, 31 P NMR and RadioTLC. with N 2 for 30 min before placing on a windowsill. These samples were exposed to sunlight over a period of 2 months. The solutions were monitored via 31 P NMR, UV-Vis spectroscopy and radio TLC.
The 4 mM solution was also examined by X-ray Absorption Spectroscopy (EXAFS and XANES). 40 and a sample generated above by in situ reduction using sunlight (4 mM α2), were transferred to 2 mL screw capped, polypropylene centrifuge tubes, which were sealed inside two, nested polyethylene bags. Data were acquired at room temperature in transmission using
Preparation of UV-Visible
Ar-filled ion chambers and in fluorescence using a 32 element Ge detector at SSRL beamlines 11-; data were collected using the locally written program XAScollect. Harmonic content of the beam was reduced by detuning the monochromator by 50%. Fluorescence data were corrected for detector deadtime, which was determined by adjusting the deadtime for each channel until the fluorescence XANES spectrum matched the transmission XANES spectrum. The data were processed using 
) (α2) via UV irradiation
There is momentum in the scientific community to employ "green" strategies for photocatalytic reduction of organic materials and metal ions to metallic nanoparticles using plenary POMs. [17] [18] [19] 23, 25, 26, 30, 35, 37, [52] [53] [54] [55] [56] [57] [58] [59] These plenary POMs can be reduced by multiple electrons while maintaining their structural integrity and act as cathodes to efficiently transfer electrons to the organic material or metal.
The re-oxidized plenary ion thus stabilizes the reduced organic material or metal nanoparticle by electrostatic surface interactions. [17] [18] [19] [37] [38] [39] 57, 58 Here we employ photoactivation of the lacunary α2 for reduction of TcO 4 -and ReO 4 -, and complexation of the reduced metal into the defect binding site. The α2 accepts 2 electrons from a sacrificial electron donor and transfers these electrons to TcO 4 -for reduction to Tc V quantitatively in a "one-pot" reaction. Moreover, the re-oxidized α2 can quantitatively incorporate the generated Tc V and Re V covalently into the framework via bonding to the four basic oxygen atoms that comprise the α2 defect site. This covalent bonding may be stronger compared to stabilization via electrostatic interactions as described for the plenary POMs. This study serves as a prototype to potential "green" strategies that may be used to reduce 99 TcO 4 -in the environment and sequester the reduced 99 Tc. While the UV irradiation reactions discussed below were performed as "one pot" reactions for 31 P NMR and radio TLC data, the reactions can be performed in stages provided that they are relatively airtight. The step-wise reactions shown in Figure 3 demonstrate the distinct color and UV-Visible spectral changes. Upon reduction, the α2 turns blue in color (λ max = ca. 700 nm) due to the mixed valent reduced species. Upon addition of clear, colorless TcO 4 -the solution takes on the red-brown (λ max = ca. 540 nm)
Reduction of
color of the 99 Tc V O-α2 complex.
The "one-pot" UV irradiation solutions, in the absence of electrolyte, showed a visible color change from clear and colorless to light orange-brown after 16 hrs of irradiation. This is consistent with the reduction of Tc VII and incorporation of Tc V into the α2 framework. After 24 hrs, the more intensely colored orange/brown solutions suggest an increased concentration of 99 Tc V O-α2. Figure S3 shows the control experiment wherein TcO 4 -is irradiated in the identical reduction solution but without the POM, demonstrating no change in the UV-Visible spectrum.
The reaction mixtures at all concentrations, 4 mM, 8 mM and 16 mM, were monitored by 31 Figure S4 ).
In the 8 mM sample (Figure S4) 6-decomposition product formed at higher concentrations is expected from the stability studies described in the supporting material ( Figure S2 ).
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The combination of the radio TLC and the 31 P NMR data shows the progression of the reactions and provides evidence that the intermediate is composed of Tc as well as α2 polyoxometalate. While the integrated intensities in the 31 P NMR are qualitative (in terms of absolute concentrations), the observed trends in the NMR track very well with the radioTLC data. For example, Figure 5 shows the radio TLC data along with the 31 P NMR data for the 4 mM sample. In the TLC experiment, polyoxometalates, (Figure 6 and Table 1 ).
The three resonances that comprise the intermediate species in the electrolyte solution are quite pronounced at this stoichiometry. The solution was monitored by 31 P NMR after irradiation was ceased.
As observed for the cases above wherein a slight excess of TcO 4 -was maintained, the intermediate is seen to convert to did not ? or did ?converted to product over time.
The addition of KCl, followed by cooling of the solution resulted in a crystalline solid. EPR of that solid, Figure S6 , shows a signal suggesting that the reduction solution contains a paramagnetic species. and summarized in Table 1 and Table S3 . All three concentrations of α2 were irradiated under the same conditions for 16 hrs. For the lowest concentration, 4 mM, formation of > 99% of the Re V O-α2
product is complete after 16 hrs of irradiation. Significant amounts of free α2 ligand are observed to remain in solution for the 8 and 16 mM samples. This is to be expected as all samples were exposed to the same intensity light source for an equal amount of time.
To monitor the radio TLC, a 4 mM reaction was "spiked" with 188 Re, a radioactive tracer. After The 31 P spectrum of the solution (Figure 8) The most abundant source of light is sunlight and the photoactivation of α2 for reduction of TcO 4 -and incorporation of the reduced Tc does indeed occur with the sun as the source of irradiation.
Comparison of the two approaches
Although sunlight encompasses a continuum of wavelengths, not all wavelengths are efficient in photoexciting the POM. Moreover, the reduction samples were prepared in glass vials, which absorb much of the high energy irradiation that would otherwise facilitate the reduction of α2. Not surprisingly, the reactions take longer than with a constant, controlled irradiation source. Clearly, sunlight may not be the most efficient light source for photocatalytic reduction of TcO 4 -mediated by the α2 POM. However, the above experiments provide proof of principal that this strategy works. Altering the POM to one that absorbs in the visible region 67 , sensitization of the POM using a transition metal 68 or employing a palette of POMs with a variety of absorbances may lead to a more efficient reduction of TcO 4 -and incorporation of the reduced Tc into the POM framework.
X-ray Absorption Fine Structure Spectroscopy provides information of Tc/P containing intermediate
A solution of 4 mM α2 dissolved in the reduction solution and a 1.2 molar excess of TcO 4 -that was photolytically reduced using sunlight over a period of 2 months was subjected to EXAFS and XANES spectroscopy at the Tc K-edge. The XANES spectrum of this sample is shown in Figure S12 along with the XANES spectrum of 99 Tc V O-α2. 40 The half height of the absorption edge of intermediate spectrum is ~0.7 eV lower in energy than that of 99 Tc V O-α2, which is surprising in light of the fact that excess TcO 4 -is present in this sample. Therefore, the spectrum of this sample was fit using the spectra of TcO 4 -, 99 Tc V O-α2 40 , and Tc(IV) gluconate (Tc(IV) gluconate is monomeric and has six oxygen neighbors at 2 Å) (see Figure S13 and Table S5 . 1 The XANES fit indicates that the sample consists of approximately 25% Tc(VII), 55% Tc(V), and 20% Tc(IV). While the presence of Tc(VII) in the sample in not unexpected (excess TcO 4 -was present and the reaction may not have proceeded to completion), the presence of Tc(IV) is surprising and suggests that either the intermediate is a Tc(IV) species or that multiple intermediates (Tc(IV), Tc(V)) exist. The presence of Tc(IV) also explains the 31 P NMR spectrum in that the resonance of the P proximal to Tc(IV) will be significantly shifted due to the local moment of the paramagnetic Tc(IV) center and will also be strongly broadened by fast relaxation of the 31 P spin. The preliminary EPR data also are consistent with a Tc(IV) species.
The EXAFS spectrum of the sample is shown in Figure 10b along with the EXAFS spectrum of a chemically synthesized, isolated and purified 99 Tc V O-α2 40 , which is shown in Figure 10a for comparison. The 31 P NMR (Figure 9a) shows a significant resonance at -14.3 ppm, assigned to the Tc/P containing intermediate, which persists in solution. Thus, the sample provides a reasonable model for employing EXAFS and XANES to understand the coordination and oxidation state of the intermediate.
The fitting parameters are given in Table 2 .
The EXAFS data reveals that the sample contains both short and long Tc-O bonds as well as an interaction between Tc and W atoms at 3.35 Å. Two Debye-Waller parameters are used for the model; the σ 2 of Tc=O is fixed at 0.002 Å 2 , which is a typical value for a Tc terminal oxo ligand; the rest of the model uses a single Debye-Waller parameter for all shells. The fit of the model to the data is good though not perfect. As shown in Figure 10b , the Fourier transform contains two large peaks, which are well fit by the model; however, there are two small peaks between the main peaks that were not modeled (the large peak in the Fourier transform below 1 Å, is an experimental artifact, which is not in the region being modeled and does not affect the fit). Attempts to fit these small peaks using O, S, P, Tc, or W neighbors did not improve the fit.
As is obvious from the Fourier transform in Figure 10 , the local environment of Tc in the photolytically reduced sample is reminiscent of the chemically synthesized 99 Tc V O-α2; however significant differences exist between the spectra. First, the amplitude of the EXAFS spectrum of the photolytically reduced sample is significantly smaller than that of chemically synthesized 99 Tc V O-α2, which is largely due to greater disorder as expected for a sample that consists of a mixture of species. As a result of this disorder, the coordination numbers given in 
